ABSTRACT A frequency-encoded real-time and long-distance displacement measurement method based on two cross-referencing optoelectronic oscillators (OEOs) is proposed and experimentally demonstrated. In the system, one OEO is used for reference, and the other is used for measurement. The initial distance is evaluated by the oscillation frequency and free spectral range of the OEO for reference. The small displacement is calculated by using the frequency of the intermediate frequency (IF) signal generated by mixing the two OEOs. The two OEOs with the same characters are placed in the same environment. This protects the displacement measurement from the influence of the variation of ambient temperature. A high measurement sensitivity, which improves the precision of the displacement measurement, is also implemented due to the accumulative magnification effect at high-order resonant frequency modes. In addition, the low frequency of the IF signal, which is far smaller than the oscillation frequency of the two OEOs, allows a cost-effective and real-time measurement by a frequency counter. The proposed displacement measurement method is demonstrated experimentally. When the sampling time is 1 ms, displacement measurement errors less than ±3.71 and ±11.14 µm are realized at emulated distances of around 800m and 6 km, respectively. The real-time velocity and acceleration measurements are also implemented owing to the introduction of a time signal in the measurement process.
I. INTRODUCTION
Real-time measurements of distance and its related parameters such as displacement, as well as velocity, are of fundamental importance in various applications, for instances, industrial manufacturing, large-scale structures assembling, and satellite geodetic surveying [1] - [3] . Several optical methods have been regarded attractive solutions to measure the distance and its related parameters due to their unique advantages [4] , including the techniques of the intensity-based, the triangulation, the confocal, the doppler sensing, the timeof-flight, the interferometric, and the optoelectronic oscillator (OEO) based.
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In general, different techniques have their own characteristics and, thus, are applied in different scenarios. The intensitybased techniques with the advantages of the simplest structure and lowest price attract a great deal of attention in the commercial systems. In this system, only a light source and a detector are needed [5] . However, it is limited by the variations of the target reflectivity [6] and the tilt of the target [7] . The triangulation techniques, which usually contains a laser source, a camera optical lens, and an array of detectors [8] , also have advantages of low price and fast measurement, but its measurement ability is limited by the size of both the laser beam and detection pixel. The confocal techniques including two types of monochromatic [9] and polychromatic [10] are usually used to measure the distance of several millimeters. The doppler sensing techniques based on a continuewave laser and a heterodyne detector can directly measure the velocity of the target [11] in the applications of health care and radar. Nevertheless, the distance information cannot be obtained using this kind of technique. The time-offlight techniques, which can be implemented using a short light pulse [12] or a frequency modulated continuous light wave [13] , provide a solution to simultaneous distance and velocity determination. Although its measurement resolution is limited by the time measurement ability of current instruments. The optical interferometric techniques using MachZehnder interferometer configuration [14] and Michelson interferometer configuration [15] can be realized in the time domain, namely, white-light interferometry (WLI), or in the frequency domain, namely, optical coherence tomography (OCT). The WLI approach based on low-coherence light sources and two arms is usually used as a slow distance or a slow displacement sensor [16] for the measurements of the thickness of silicon wafers [17] and distance in machine-made industrial [18] . To improve the measurement speed, the OCT approach is presented. The measurement speeds up to megahertz provides a special advantage to OCT for the applications of medical imaging and biological detection [19] . However, these techniques mentioned above will be challenged to measure a long-distance of several kilometers with a micro-scale displacement in real time.
Recently, OEO, which has been studied for more than ten years [20] , [21] and employed to implement high-performance sensors [22] - [24] , is regarded as one tempting solution for the measurement of distance and its related parameters [25] - [29] . Thanks to its high spectral purity and low phase noise [30] , it is possible to directly measure the frequency with high precision. Furthermore, the interrogation can be implemented at a high speed by using a high-speed digital signal processor [23] . The high sensitivity is also implemented since the accumulative magnification effect at high-order resonant frequency modes. In [25] , to improve the measurement accuracy, the variation of the fiber delay is compensated by a vector network analyzer (VNA) in real time during the distance measurement using an OEO. In [26] , an incoherent light source, which is an amplified spontaneous emission (ASE), is used into an OEO for measuring the optical length change. Reconfigurable measurement sensitivity is achieved in this OEO based optical length change measurement system by selecting different oscillation modes. In [27] , an intra-loop Michelson interferometer is applied into an OEO to improve the measurement precision. In [28] , two OEOs with different oscillation frequency are combined together to measure distance and displacement, where one is used as a reference to stabilize the long length, and the other one is for measurement. In [29] , we grouped two OEOs with the same oscillation frequency into a cross-referencing structure, thus, the influence of the environment such as temperature is greatly reduced. Further, the distance and displacement are obtained by measuring the intermediate frequency (IF), which is obtained by mixing the oscillation frequency of the two OEOs into a mixer, thus, the difficulty of measuring frequency is greatly reduced.
A quasi-distributed measurement can also be realized due to the use of dense wavelength division multiplexing (DWDM). However, real-time measurement of distance and its related parameters such as displacement, velocity, even acceleration has not been demonstrated in the OEO based distance measurement system mentioned above.
This paper is a continuation of our earlier work reported in [24] , [29] . Here we demonstrate a real-time measurement of long-distance displacement based on two cross-referencing OEOs. Thanks to the real-time measurement of displacement, its related parameters, velocity, and acceleration, are also measured in real-time. The use of DWDM based crossreferencing structure greatly reduces the influence of the environment. The measurement of low-frequency IF signal reduces the difficulty of frequency measurement, it provides a potential to measure the displacement in real-time with an inexpensive frequency counter. In the experiment, displacement measurement errors less than ±3.71 and ±11.14 µm are demonstrated at emulated distances of around 800 m and 6 km, respectively, when the sampling time is chosen to be 1 ms. In addition, real-time velocity and acceleration measurements are also implemented.
II. PRINCIPLE
Figure 1(a) shows the schematic diagram of the proposed real-time and long-distance displacement measurement method based on two cross-referencing OEOs. Two OEOs with the same architecture and the same oscillation frequency are grouped into a cross-referencing structure using DWDM. In the reference OEO, a light from a laser diode (LD0) is introduced into a Mach-Zehnder modulator (MZM2), whose output is passed through a long fiber, and detected with a photodetector (PD2). The long fiber is shared by the two OEOs with DWDM0. The output of PD2 is amplified by an electrical amplifier (EA), filtered by a bandpass filter (BPF), and sent back to MZM2. Before this, the oscillation signal is introduced to the output through an electrical divider (ED). The output oscillation signal is then divided into two paths by ED3, one of which is used to measure the oscillation frequency and free spectral range (FSR) via an electrical spectrum analyzer (ESA), and the other is introduced into a mixer to mix with the oscillation signal of the measurement OEO. The architecture of the measurement OEO is the same as that of the reference OEO. In the measurement OEO, the measurement area is inserted into the long fiber shared by the two OEOs using a pair of DWDMs. The LD used in the reference OEO is replaced by a tunable light source (TLS), which is used to choose the measurement area in sequence by tuning the wavelength of the TLS. Figure 1(b) shows the schematic diagram of the quasi-distributed measurement, where many different measurement areas are inserted by using many pairs of DWDMs with different wavelengths. It should be noted that the two OEOs should have the same loop length at the initial state. And it is easy to be implemented as the long fiber is shared by the two cross-referencing OEOs. 
, where f initial FSR denotes the free spectral range of the reference OEO and measurement OEO, indicates rounding down to the nearest integer.
Thanks to the advantage of the accumulative magnification effect at high-order resonant frequency modes, the measurement precision of the long-distance displacement measurement system can be significantly improved. In an OEO, the high-order frequency can be many times higher than the fundamental frequency, to be more exact, the value of the high-order k can be 10 5 − 10 6 . The loop lengths of the two OEOs are changed due to the fluctuation of ambient temperature and the movement of the target. Since the two OEOs have an identical initial loop length due to the sharing of the long fiber, the fluctuation of ambient temperature induced loop length changes of the two OEOs are equal. Thus, the oscillation frequencies of the two OEOs and their frequency difference can be rewritten as
where τ ref and τ mea are the time delay variations of oscillation loops in the reference OEO and measurement OEO, respectively, and τ target is the target movement caused time delay variation in the measurement OEO. When the effect of strain on the shared optical fiber is ignored and only the effect of temperature on the shared optical fiber is considered, the time delay variations of the oscillation loop in the reference OEO can be given as [31] ,
where K is the thermal coefficient of fiber-optical delay which was measured as 39.2 ps/(km· • C) in a standard SMF-28 type single-mode fiber [31] , L initial ref is the initial loop length of the reference OEO, T is the temperature variation.
, the relationship between the target movement induced time delay variation of the measurement OEO and the time delay of the reference OEO can be given as
The loop delays of the reference OEO and measurement OEO are given as
, respectively, where n is the effective refractive index, c is the velocity of light in a vacuum. Then, the loop length of the reference OEO and the loop length change caused by the movement of the target in the measurement OEO can be expressed as
In practice, the measurement speed of the spectral response of the signal generated by the reference OEO, which is measured by using an electrical spectrum analyzer, is too slow to keep with the measurement speed of the target movement caused time delay variation in the measurement OEO, which is measured by using a frequency counter. Thus, the lag in measuring the spectrum of the signal and the measurement error of the frequency of the IF signal will bring errors to the measured displacement.
where τ m target is the measured target movement caused time delay variation in the measurement OEO, f m target is the measured frequency of the IF signal, corresponding to the measured frequency difference between the oscillation frequencies of the two OEOs, f initial FSR is the initial free spectral range of the reference OEO, 
When the loop lengths and the oscillation frequencies of the two OEOs are exactly equal, Eq. (14) can be rewritten as
where
target are the measurement errors of the target displacement induced by the temperature variation and the measurement error of IF frequency, respectively. The measurement error of the target displacement induced by the temperature is the system measuring error. The measurement error of the target displacement induced by the measurement error of IF frequency is the random measuring error, which obeys the normal distribution.
Thanks to the real-time measurement of the target displacement, its related parameters such as velocity and acceleration can also be measured by recording the sampling time when measuring the target displacement. The target velocity and acceleration at different times can be written as
In practical operations, the measurement of the target displacement is discrete. When the measurement time interval is t, the target velocity and acceleration at different times can be rewritten as
According to Eqs. (2) to (15), the measurement error of the target displacement in a single-OEO measurement system VOLUME 7, 2019 FIGURE 2. The calculated temperature induced measurement errors of the target displacement in (a) a single-OEO measurement system, and (b) the proposed dual-OEO measurement system at different target displacement.
and the proposed dual-OEO measurement system are both affected by the temperature variation. When the oscillation frequency of the OEO is 10 GHz, the thermal coefficient of fiber-optical delay is 39.2 ps/km· • C, and the initial loop length of the OEO is 1 km, the temperature caused measurement errors of the target displacement in a single-OEO measurement system and the proposed dual-OEO measurement system are calculated in Fig. 2 .
As shown in Fig. 2 (a) , the measurement error of a single-OEO measurement system is up to 8 mm when the temperature changes 1 • C. In contrast, as shown in Fig. 2(b) , the measurement error of the proposed dual-OEO measurement system is as low as 1.6 µm when the temperature changes 1 • C and the target displacement is 10 cm. Clearly, the temperature variation induced measurement error of the target displacement in the proposed dual-OEO measurement system is significantly reduced than that in a single-OEO measurement system.
III. EXPERIMENTAL RESULTS AND DISCUSSIONS
A proof-of-concept experiment is carried out based on the setup in Fig. 1(a) . Two laser sources with wavelengths of 1550.12 nm and 1550.92 nm, respectively, are applied as the LD and TLS, respectively, and both the output light waves from the two laser sources have (Yenista optics TLS-AG) a power of 10 dBm. The two MZMs are two single-drive intensity LiNbO3 modulators (OCLARO F-10) with a 3-dB bandwidth of 11 GHz and insertion loss of 6 dB. The two PDs (Kang Guan KG-PD-10G) have a same responsivity of 0.8 A/W and 3-dB bandwidth of 11GHz. The two EAs have a same response of 40GHz. The two BPFs have a same center frequency of 10.6GHz and same 3-dB bandwidth of 13MHz. The electrical spectrums of the oscillation signal from the reference OEO and the intermediate frequency (IF) signal from the electrical mixer are measured by using an electrical spectrum analyzer (Anritsu MS2725C). The frequency of the IF signal is measured by using a frequency counter (Agilent 53230A). The target displacement and its related parameter velocity are simulated by using a programmable and tunable optical fiber delay line with a resolution of 39.6 fs. Assuming the target starts moving at zero, the programmed speeds of change in time delay and the corresponding simulated velocities of the target in different time periods are shown in Table 1 .
To evaluate the measuring ability of the proposed displacement measurement system at different distances, two systems with loop lengths of about 4 km and 550 m are designed. Figure 3 shows the measured spectrums of the generated signals of the reference OEO and the IF signal when the loop length of the reference OEO is 4 km or 550m, approximately. When the loop length of the reference OEO is about 4 km, the initial oscillation frequency of the reference OEO is measured as 10664330499 Hz, and the initial fundamental frequency, namely the initial free spectral range f initial FSR , is measured to be 50462 Hz. Then, the value of the high-order oscillation modes can be calculated as Fig. 3(b) when the measurement system has different loop lengths of around 4 km and 550 m, respectively. Clearly, the phase noise of the IF signal in the system with a loop length of about 4 km is lower than that in the system with a loop length of about 550 m, due to the longer loop length in the OEO reduces the phase noise of the oscillation signal. The lower phase noise of the IF signal makes its frequency measurement more accurate. Figure 4 shows the measured relationship between the frequency of the IF signal and the displacement of the target, the sensitivities of the systems with emulated distances of around 6 km and 800 m are measured to be 17.951 and 134.687 kHz/cm, respectively.
The influence of the temperature variation on the measurement errors of the proposed dual-OEO displacement measurement system and a single-OEO displacement measurement system is evaluated in Fig. 5 . The loop lengths of the dual-OEO or single-OEO are same as around 4 km and the oscillation frequencies of the OEOs are same as about 10.664 GHz. By placing the long fiber in an environment where the temperature is not controlled, keeping the target stationary, and setting the sample rate of the frequency counter to be 1 kHz, the frequency variations of the IF signal in the proposed dual-OEO measurement system and the oscillation signal in a single-OEO measurement system are measured in Figs. 5(a) and 5(b). In the proposed dual-OEO measurement system, the frequency variation of the IF signal is within ±20 Hz corresponding to a measurement error of ±11.14 µm at a measurement distance of about 6 km. The histogram of the measured data, as shown in Fig. 5(c) , shows a Gaussian profile having a standard variance of 11.42 Hz. This means that the measurement error of the proposed dual-OEO measurement system is almost free to the temperature variation. In the single-OEO measurement system, the frequency of the oscillation signal goes down 35 Hz per second due to the influence of the temperature variation. It means the temperature variation induces a measurement error of 19.50 µm per second during this measurement. Note that the measurement error dependents the rate of change in temperature. The histogram of the fitting residual of the oscillation frequency is shown in Fig. 5(d) . It shows a Gaussian profile with a standard variance of 108 Hz, which is higher than that of the measured data of the IF signal in the proposed dual-OEO measurement system. This means that the measuring of the IF signal using a frequency counter in the proposed dual-OEO measurement system provides an advantage of higher precision than the measuring of the oscillation signal in the single-OEO measurement system. Figure 6 shows the measured frequency of the IF signal by a frequency counter with different sample rates when the target has a same trajectory. The trajectory of the target is shown in the inset in Fig. 6(a) . The length of the optical fiber used in the reference OEO is 550 m, approximately. As shown in Fig. 6(a) , the frequency responses of the IF signal are measured at different sample rates of 10 kHz, 1 kHz, 100 Hz, and 10Hz. These measured frequency responses at different rates are consistent. Figure 6(b) shows the measured frequency of the IF signal when the target is stationary in the starting position (Point A, inset of Fig. 6(a) ). When the sample rates are 10 kHz, 1 kHz, 100 Hz, and 10Hz, the frequency variations of the IF signals are within ±100 Hz, ±50 Hz, ±25 Hz, and ±15 Hz, corresponding to the measurement VOLUME 7, 2019 errors of ±7.42 µm, ±3.71 µm, ±1.86 µm, ±1.11 µm, respectively, at a measurement distance of about 800 m in a vacuum. Clearly, a higher sample rate introduces a higher measurement error. The measurement results provide a reference for the balance between the measurement speed and measurement precision in practical application. Figure 6 (c) shows the measured frequency of the IF signal when the target is stationary in the farthest simulated displacement position (Point C, inset of Fig. 6(a) ). A frequency difference of 400 Hz, corresponding to a measured displacement difference of 29.70 µm, is found. That is due to the repeatability of the programmable and tunable optical fiber delay line.
Using the measured frequency of the IF signal in Fig. 6 , the velocity of the frequency change is calculated in Fig. 7 . Obviously, these calculated velocities of the frequency changes at different rates are consistent. The vibration of the target, that is the mirror in the programmable and tunable optical fiber delay line, caused by its high-speed movement is also observed by using a higher sample rate. In the proposed dual-OEO displacement measurement system, a higher sample rate provides a better detail description capability. However, A larger measurement error is found when the sample rate is higher, which can also be found in the measuring results of the target displacement in Fig. 6 . One solution is to smooth the measured data through moving average filtering algorithm, which is a lowpass filter with filter coefficients equal to the reciprocal of the span. Figure 8 shows the calculated and smoothed velocity of the frequency change of the IF signal. The length of the optical fiber used in the reference OEO is around 550 m, corresponding to an emulated distance of around 800 m in a vacuum. As shown in Fig. 8(a) , different spans of the moving average of 11, 51, and 101 are chosen to smooth the velocity of the frequency change of the IF signal when the sample rate is 1 kHz. Clearly, the measurement error is effectively reduced by using the moving average filtering algorithm. Figure 8(b) shows the zoom in view of the velocity of the frequency change during the time range from 5 to 8 s, the velocity of the frequency change of the IF signal is within ±50 Hz/ms, corresponding to the measurement error of ±3.71 µm/ms. When the spans of the moving average are 11, 51, and 101, the velocities of the frequency change of the IF signal are within ±4, ±1, and ±1 Hz/ms, corresponding to the measurement errors of ±0.297, ±0.0742, and ±0.0742 µm/ms, respectively. It should be noted that the moving average is a lowpass filter with filter coefficients equal to the reciprocal of the span, which inhibits the response of the measurement system to the high-frequency changes of the velocity of the frequency change, especially the step changes. This can be observed in Fig. 8(c) . When the sample rate is chosen to be 10 kHz, the different spans of the moving average of 11, 51, 101, 501, and 1001 are chosen to smooth the velocity of the frequency change of the IF signal in Fig. 8(d) . The inset shows the zoom in view of the velocity of the frequency change during the The measuring ability of the proposed dual-OEO displacement measurement system with different distances is also evaluated in Fig. 9 . A long fiber with a length of around 550 m or 4 km, corresponding to an emulated distance of around 800 m or 6 km in a vacuum, is used in the reference OEO. According to Fig. 9(a) , the largest frequency shifts of the systems with different emulated distances of around 800 m and 6 km are measured to be 2.342985 and 0.312287 MHz, corresponding to different displacements of 0.173958 and 0.173966 m, respectively, when the target is stationary in the farthest simulated displacement position (Point C, inset of Fig. 6(a) ). The measured results of both the experiment agree well with the real value of 0.173967 m. Figure 9 (b) shows the measured frequency of the IF signal when the target is stationary in the starting position (Point A, inset of Fig. 6(a) ). The frequency variations of the IF signals are within ±50 and ±20 Hz, corresponding to the measurement errors of ±3.71 and ±11.14 µm, at different emulated distances of around 800 and 6 km, respectively. The velocity of the target is calculated in Figs. 9(c) and (d) . When the target is stationary at the starting position, the velocities of the frequency change of the IF signal in the system with different emulated distances of around 800 and 6 km are within ±50 and ±7 Hz/ms, corresponding to the measurement error of ±3.71 and ±3.90 µm/ms, respectively. When the span of the moving average is 51, the velocities of the frequency change of the IF signal are within ±1 and ±0.5 Hz/ms, corresponding to the measurement errors of ±0.0742 and ±0.279 µm/ms, respectively. Assuming the target starts moving at zero, the measured velocities of the target at different time periods and different simulated distances are measured in Table 2 , the measuring results agree well with the real values. It can be found that the measurement results fluctuate more when the target has a higher velocity. That is because of the high velocity of the target results in great vibration of the optical delay line.
To further evaluate the real-time measurement capability of the proposed dual-OEO displacement system. The optical fiber delay line is replaced by an equal length of optical fiber. Its random variation, which is caused by the mechanical shock on the fiber, is observed. In this test, the fluctuation of fiber length is used to simulate the movement of the target and the sample rate is chosen to be 10 kHz. Figure 10 shows the measured displacement, the velocity, and the acceleration of the simulated moving target. A random fluctuation lasting for about 1.25 s was recorded in real time, further proving the real-time measurement capability of the system. In this test, the largest displacement, velocity, and acceleration are measured to be 0.027306 m, −102.246 µm/ms, and 5.881 µm/ms 2 respectively. VOLUME 7, 2019
IV. CONCLUSION
In summary, we proposed and realized a frequency-encoded real-time and long-distance displacement measurement system based on two cross-referencing optoelectronic oscillators (OEOs). In the proposed system, a high measurement sensitivity was implemented due to the accumulative magnification effect at high-order resonant frequency modes. The influence of the variation of ambient temperature on the displacement measurement was greatly reduced as the cross-referencing structure of the two OEOs having an identical geometry, which were placed in the same environment. Real-time and cost-effective measurement was realized using a frequency counter since the low frequency of the IF signal. In the experiments, the measurement of displacement and its related parameters such as velocity were demonstrated. A displacement measurement error less than ±11.14 µm and a velocity measurement error less than ±3.90 µm/ms were demonstrated at an emulated distance of around 6 km and a sampling time of 1 ms. A displacement measurement error less than ±3.71 µm and a velocity measurement error less than ±3.71 µm/ms were demonstrated at an emulated distance of around 800 m and a sampling time of 1 ms. Based on these advantages above, the proposed displacement measurement system may find important applications in industrial manufacturing, large-scale structures assembling, and satellite geodetic surveying. His current research interests include microwave photonics and optical communication. VOLUME 7, 2019 
